The sequences of 18S and 28S rDNAs have been used as molecular markers to resolve phylogenetic relationships of Heteroptera for two decades. The complete sequences of 18S rDNAs have been used in many studies, while in most studies only partial sequences of 28S rDNAs have been used due to technical difficulties of amplifying the complete lengths. In this study, we amplified the complete 18S and 28S rDNA sequences of Eurydema maracandica Oshanin, 1871, and reconstructed the secondary structure models of the corresponding rRNAs. In addition, and more importantly, all of the length variable regions of 18S rRNA were compared among 37 families of Heteroptera based on 140 sequences, and the D3 region of 28S rRNA was compared among 51 families based on 84 sequences. It was found that 8 length variable regions could potentially serve as molecular synapomorphies for some monophyletic groups. Therefore discoveries of more molecular synapomorphies for specific clades can be anticipated from amplification of complete 18S and 28S rDNAs of more representatives of Heteroptera.
introduction
Each cluster of rDNA in turn contains external transcribed spacer (ETS), 18S rDNA, internal transcribed spacer 1 (ITS1), 5.8S rDNA, ITS2 and 28S rDNA (Hillis, Dixon 1991) . These genes and spacer regions, separately or in combination, have been used as molecular markers for resolving phylogenetic relationships of Heteroptera for two decades from Wheeler et al. (1993) . Among them, the length-conservative regions of 18S rDNA and 28S rDNA have been mostly used for resolving phylogenetic relationships between higher level groups (Wheeler et al. 1993 , Xie et al. 2005 , Schuh et al. 2009 ), while the length-variable regions (LVRs), ITS1 and ITS2 have always been used at species level (Marcilla et al. 2001 , Hebsgaard et al. 2004 , Damgaard et al. 2005 , Calleros et al. 2010 .
As far as the rDNAs are concerned, complete sequences of 18S rDNA have been used in various phylogenetic studies on Heteroptera , Jung, Lee 2011 . Comparatively, so far only partial sequences of 28S rDNAs have been involved in phylogenetic studies on Heteroptera due to technical difficulties of amplifying the complete lengths. These difficulties are twofold. First, the amplification of 28S rDNA is more likely interfered by the hairpin structures, or tandem replicates of single nucleotides or oligonucleotides. Second, universal primers are unavailable for amplifying the 28S rDNA of Heteroptera.
Reconstruction of the complete secondary structure model of 28S rRNA can only be achieved by full sequencing of 28S rDNA. According to the results of comparative studies of 18S rRNAs of Insecta (Xie et al. 2009 ) and Hemiptera , the secondary structure model can have significance in two aspects. First, the alignment results of rDNAs can be corrected based on the secondary structure models of the corresponding rRNAs (Kjer et al. 2006 ). Further, it is possible to evaluate the potential influences to the results of phylogenetic reconstruction. Second, the secondary structure model provides a novel view and datasets to discover synapomorphies, such as group-specific insertions or deletions (indels), exactly the same length of some LVRs, and length expansions. In this study, the secondary structure models of 18S and 28S rRNAs of Heteroptera were reconstructed based on corresponding rDNA sequences of the pentatomid species Eurydema maracandica Oshanin, 1871. Additionally, all LVRs of complete 18S rRNA and the Divergent region 3 (D3) of 28S rRNA were compared based on data of nearly all available families of Heteroptera from GenBank (www.ncbi. nlm.nih.gov/Genbank), with exception of a few problematic sequences.
Methods

Taxon sampling
According to the currently accepted classification of Heteroptera (Schuh and Slater 1995, Schuh et al. 2008) , heteropterans are divided into 7 infraorders, 23 superfami-lies and 76 families. In this study, the 18S rDNA dataset comprises 140 sequences representing 7 infraorders, 16 superfamilies and 37 families of Heteroptera. The 28S rDNA dataset, which only included the D3 region, comprises 84 sequences of 7 infraorders, 21 superfamilies and 51 families.
Molecular experiments
The specimen was collected from Yining, Xinjiang Uyghur Autonomous Region, China (43°56'N, 81°19'E, 570m) on July 26, 2011 by Qiang Xie. In the alcohol-kept insects' collection of Nankai University, the ID number for the voucher specimen is NKU0150177. The species was identified based on the available literature and comparative material, its identity was confirmed by P. Kment. The specimen perfectly fits the original description (Oshanin 1871 ) and the available detailed redescriptions and illustrations (Stichel 1961 , Putshkov 1965 , Zheng 1983 , Nonnaizab 1988 ) of E. maracandica.
Genomic DNA was extracted from thoracic tissue of ethanol-preserved specimen. Total genomic DNA was isolated using the CTAB-based method (Reineke et al. 2002) . The primers Ns1 and Ns8 used for amplifying the 18S rDNA were those used by Barker et al. (2003) . The others were designed by the software Primer Premier 5.00 (Lalitha 2000) . These primer sets were used to amplify six overlapping fragments of 28S rDNA and two overlapping fragments of 18S rDNA. All of the sequences were sequenced in both directions. In addition, 18S rDNA was cloned, which used pEASY-T3 (TransGen, Beijing, China) as vector, following the manufacturer's instructions. Amplification was carried out in a 50 µL volume reaction, with 1.5 units of LA Taq DNA Polymerase, 2.5 mM of dNTP and 10 µM of each primer. The thermal cycling program of PCR consisted of an initial denaturation at 94°C for 1 min, followed by 35 cycles (94°C for 30 s, 49-57°C for 30 s, 72°C for 1 min), and ending with a final extension at 72°C for 8 min. Colony PCR was carried out in a 25 µL volume reaction, and consisted of 30 amplification cycles. All of the primer pairs and annealing temperatures are listed in Supplementary File 1. The GenBank accession numbers of 18S and 28S rDNAs of Eurydema maracandica are JX997807 and JX997806 respectively.
Reconstruction of secondary structure and Sequence alignment
The secondary structure of 18S rRNA was slightly revised from the universal model of insects (Xie et al. 2009 ) based on the sequence of Drosophila melanogaster (GenBank accession number M21017). In the group specific optimization of the universal model according to the sequences of Heteroptera, secondary structures of LVRs were reconstructed using the thermodynamics folding method of the software RNAstructure 5.4 (Reuter and Mathews 2010). The secondary structure of 28S rRNA was revised from the model of insects (Wang et al. 2013 ) based on the sequence of Drosophila mela-nogaster (GenBank accession number M21017). The numbering system for LVRs of 28S rRNA followed the D system (Hassouna et al. 1984 , Ellis et al. 1986 ). In the optimization of the previous model of insects, secondary structures of LVRs were reconstructed using RNAstructure 5.4 as well. The re-calculated results in this study were selected under the principle of co-variation: the fewer the secondary structural elements, especially the paired regions, are destroyed by each sequence, the better the model is (Gutell et al. 2002) . We simplified the principle in this study as: the longer the stems are kept by each sequence, the better the model is. Sequence alignment was performed by ClustalW, which is imbedded within BioEdit 7.1.3 (Hall 2011) . Manual alignments were based on the rRNA secondary structure models reconstructed in this study.
Data resources
The data underpinning the analyses reported in this paper are deposited in the Dryad Data Repository at doi: 10.5061/dryad.j8kp5
Results and discussion
General description of secondary structures
The complete sequence of 18S rDNA of Eurydema maracandica is 1,894 bp. In the secondary structure of the corresponding rRNA (Fig. 1) the LVRs L and X regions were specifically optimized. The 18S rDNA sequence of Eurydema maracandica was aligned with other 140 orthologous sequences of 37 families in Heteroptera. The alignment result suggested that the local length variations of 18S rDNA are localized in 13 independent LVRs except for various indels. Most LVRs were restrained in three domains, which were previously named as V2, V4 and V7 (Neefs et al. 1993) . Among all of the 13 LVRs, LVR L is the most variable one in length.
The complete sequence of 28S rDNA of Eurydema maracandica is 4,030 bp. In the secondary structure of corresponding rRNA (Figs 2, 3) , the LVRs D2, D3, D7, D8, D10, and D11 were specifically optimized. Compared with the secondary structure of the universal model of insect 28S rRNA, LVRs of heteropteran 28S rRNAs are distributed in 10 regions (D2-D11). Only D3 region of most superfamilies has corresponding data in GenBank, therefore only this region was comparatively analyzed and the results may serve as an inspiring case for the other LVRs of 28S rRNA. Alignment results suggested that in the D3 region, LVRs can be further divided into three sections (D3-1, D3-2 and D3-3), which are interspaced by several short lengthconservative regions. Among these three separate LVRs, D3-2 is the most variable one in length.
According to the above results, the local length variations of heteropteran rRNAs are moderate in comparison with the length variations of eukaryotic rRNAs (Xie et Supplementary Files 2, 3) like it was documented in the suborder Sternorrhyncha of Hemiptera ) and some other insect orders ( Xie et al. 2009 ). However, the ambiguity in alignment caused by length variations might have impact on the results of phylogenetic reconstruction of Heteroptera, and it deserves further evaluation. The LVRs potentially serving as synapomorphies Campbell et al. (1994) hypothesized that length expansion in 18S rDNA could serve as synapomorphy for Sternorrhyncha. Later, the concepts of "molecular morpho-metrics" (Billoud et al. 2000) and "morpho-molecular structures" (Ouvrard et al. 2000) were introduced. It was found that length variation and indels could serve as synapomorphies for specific monophyletic groups of insects (Xie et al. 2009 ). The results of this study indicate that, the LVRs B, M, T, U and W of 18S rDNA, and D3-1, D3-2 and D3-3 of 28S rDNA could potentially serve as molecular synapomorphies (Table  1) . According to the lengths of LVRs B and T of 18S rDNA, there only a few exceptions exist within Pentatomomorpha. Therefore, the 11nt length of LVR B and the 4nt length of LVR T very likely originate from the last ancestor of Pentatomomorpha and are the synapomorphies of this infraorder. In the same sense, the 10nt length of LVR M is a dominant state in the clade (Cimicomorpha+Pentatomomorpha), and the 9nt length of LVR U is very conservative within Neoheteroptera. Fig. 4 shows the secondary structure models of LVR W of Naboidea and Cimicoidea. Within Heteroptera, Naboidea and Cimicoidea have the same unique length of 5nt in this region. Taking the problem of the phylogeny within the superfamily Pentatomoidea for more instances, the 5nt length of LVR D3-1 and 19nt length of LVR D3-2 in 28S rRNA could possibly serve as synapomorphies for an Acanthosomatidae+Lestoniidae clade (Grazia et al. 2008) . Additionally, the Paraphrynoveliidae+Macroveliidae clade shares the same length of LVR D3-1, D3-2 and D3-3. Gelastocoridae and Ochteridae have the same length of 4nt in D3-1 region. Therefore amplification of complete 18S and 28S rDNAs of more representatives very likely will result in more representative dataset for reconstruction of ancestral states and discoveries of more molecular synapomorphies for specific clades within Heteroptera. Wheeler et al. (1993) Paraphrynoveliidae + Macroveliidae Damgaard (2008) 
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